INTRODUCTION
In studies of reversion of the temperature-sensitive (ts) phenotype of reovirus mutants, Ramig & Fields (1979) reported that the appearance of temperature-resistant (ts +) revertants may be due not only to the reverse mutation of a gene carrying a ts mutation, but also to 'silent' mutations in other genes resulting in suppression of a ts phenotype of the gene carrying a ts mutation (extragenic suppression). Recently, it has been shown (Tolpin et al., 1981) that a mutation in the P2 gene of a human influenza virus can suppress the expression of a ts phenotype of the P3 gene and that mutations in segment 8 of fowl plague virus Rostock can be suppressed by replacement with segments 1 or 2 of another influenza A virus strain (Scholtissek & Spring, 1981) .
We have carried out a comparative recombination analysis of ts mutants of fowl plague virus (FPV) Weybridge and Rostock strains; the former were obtained in the U.S.S.R. (Ghendon et al., , 1975 Ghendon & Markushin, 1980; , and the latter in the U.K. (Almond et al., 1977 (Almond et al., , 1979 . The results show that the crossing of two ts mutants obtained from different FPV strains, each of which has been shown to contain a ts mutation in gene 1 (Almond et al., 1977; Ghendon & Markushin, 1980) , results in ts + recombinants which appear with a high frequency. This phenomenoncan be accounted for by extragenic suppression, where the expression of the ts phenotype of the Rostock strain mutant gene 1 is suppressed by a gene 2 product of the ts 29 Weybridge strain.
METHODS

Viruses and cells.
The avian influenza A strains FPV Weybridge (A/FPV/Dutch/27) (H7N7) and FPV Rostock (A/FPV/Rostock/34) (H7N1) were used. FPV Weybridge ts mutants obtained in the U.S.S.R. were as follows: ts 29, ts 43/1, ts 131, ts 166, ts 5, ts 303/1, belonging to six complementation groups (Almond et al., 1977 (Almond et al., , 1979 . The genes carrying ts mutations in ts mutants belonging to different recombination groups were identified earlier (Almond et al., 1977; Ghendon & Markushin, 1980) . Primary monolayer cultures of chick embryo fibroblasts (CEF) were used in all experiments.
Recombination test. CEF cultures were infected with viruses at 1 p.f.u./cell of each partner, or at 2 p.f.u./cell in control self-crosses. After 30 min adsorption at room temperature, the cells were washed with medium 199 three times, supplemented with warm (36 °C) medium 199 and incubated for 18 h at 36 °C; the cells were then frozen and thawed, and virus titres were determined at 36 °C and 42 °C using a plaque technique.
Isolation of clones. Clones were isolated from plaques formed in CEF cultures under agar in flasks containing not more than seven plaques; a clone was isolated from a plaque more than 2 cm from the neighbouring ones. An agar column taken above the plaque was supplemented with 0.5 ml medium 199, eluted overnight at 4 °C and subjected to further analyses.
Analysis of the genome composition of reeombinants. The method of Hay et al. (1977) , described in detail by Ghendon et al. (1979) , was used. CEF cultures were infected with the viruses (100 p.f.u./cell) and incubated in the presence of cycloheximide (100/,tg/ml) for 1 h at 36 °C; [3H]uridine was then added (100 /iCi/ml) and incubation continued for 3.5 h. Complementary RNA (cRNA) was isolated and hybridized with unlabelled virion RNA (vRNA) isolated from purified virions. The material was further treated with nuclease S1, precipitated with ethanol and analysed by electrophoresis in a 4 % polyacrylamide gel.
RESULTS
Comparative analysis of FPV ts mutants obtained from Weybridge and Rostock strains in a recombination test
In the first series of experiments we carried out a comparative analysis of FPV ts mutants of the Weybridge strain (obtained in the U.S.S.R., Moscow) and ts mutants of the Rostock strain (obtained in the U.K., Cambridge) using a recombination test. By the time of our experiments the genes carrying ts mutations had been identified for the majority of the ts mutants under study (Table 1) . The results of one of three experiments, which yielded similar results, in the recombination analysis are presented in Table 1 (Almond et al., 1977 (Almond et al., , 1979 were obtained in Cambridge, we carried out recombination of three such ts mutants with ts 29 of Weybridge strain.
The results of one of the typical experiments presented in Table 2 showed that three ts mutants of FPV Rostock (ts 44, ts mN5 and ts 17) having mutations in gene 1 did not recombine with each other; at the same time, crossing any of these ts mutants with ts 29 of FPV Weybridge strain consistently yielded ts + clones capable of forming plaques at the non-permissive temperature. A high frequency of appearance of such clones (from 3-4% to 7%) testifies to the fact that this phenomenon can hardly be interpreted as intragenic recombination.
Phenotype analysis of ts recombinants of ts 44 and ts 29 mutants in the process of passaging at non-permissive temperature
Intracistronic complementation of gene products coding for some influenza virus proteins functioning in the complexes has been reported (Heller & Scholtissek, 1980; Thierry et al., 1980) . In particular, Heller & Scholtissek (1980) crossed two FPV Rostock ts mutants having ts mutations in the same gene 2, and isolated clones from the plaques formed at the non-permissive temperature (40 °C). However, these clones could not be passaged at 40 °C, and the plaques formed at 40 ° C differed in size from those formed by wild-type virus under these conditions. It was concluded that formation of plaques at 40 °C by these mutants resulted from intracistronic complementation.
Different results were obtained in our experiments. As can be seen from the data shown in Table 3 , clones isolated from the plaques formed at 42 °C can be passaged at the non-permissive temperature, and they retain a ts + phenotype after three passages at 42 °C (Table 3) . Even if passages were carried out using a plaque-to-plaque technique (data not shown) all five virus lines could be readily passaged at 42 °C and retained the initial plaque sizes. The plaques formed at 36 °C and 42 °C by virus clones under study did not differ in size or morphology and were similar to those formed by wild-type FPV Weybridge strain. These data indicate that the ability of a number of clones, arising from crossing of ts 29 and ts 44 mutants having ts mutations in gene 1, to form plaques at 42 °C is not due to intracistronic complementation. 6.2 x 10 2 5.0 × 10 2 8-0 x 10 6 7"7 x 10 6 1"2 x 104 1.1 x 10" 5'5 × 107 5'0 × 107 1.0 x 10 6 1-0 × 10 6 5"0 x 10 3 5.0 x 10 3 6"3 x 10 7 6'9 x 10 7 3"0 x 10 3 3"0 × 10 3 6"4 × 10 7 5-7 × 10 7
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1-2 × 106 1.6 × 106 6-3 42 °C; six clones were isolated from plaques formed under these conditions. These clones were passaged once in CEF culture, and a ts phenotype was studied (passage I). Two clones were isolated from the plaques formed at 42 °C by a limiting dilution of passage I of each clone; a ts phenotype was studied in the eluates of an isolated plaque (passage II). One clone was isolated from the plaques formed by each clone at 42 °C; this clone had had one passage in chick embryos at 42 °C after which a ts phenotype was studied (passage III).
Analysis of a ts phenotype of clones obtained by back-crossing of a recombinant of ts 29 and ts 44 mutants with wild-type FPV
Previous experiments with reovirus or influenza virus ts mutants (Ramig & Fields, 1979; Tolpin et al., 1981) have shown that appearance of ts revertants may be due to extragenic suppression caused by an additional mutation in some other gene.
To find out whether or not extragenic suppression took place in our experiments, we crossed the ts 29 and ts 44 mutants, obtained a clone (R 29/44) capable of forming plaques at 42 °C, and crossed it in CEF culture at 36 °C with wild-type FPV Rostock strain. The latter was pre-cloned from the plaque formed at 40 °C to remove spontaneous ts mutants which might be present in the population of the wild-type virus strain. In the control experiments a CEF culture was infected with a double dose of R 29/44 or FPV Rostock wild-type ('self-crossing'). The populations obtained were analysed in CEF cultures at 36 °C; clones were isolated in CEF cultures at 36 °C from randomly selected plaques. A ts phenotype was defined in these clones. The data listed in Table 4 show that all 21 clones isolated from a control population of self-crossing between-R 29/44 x R 29/44, and all 23 clones of a control population of self-crossing between FPV × FPV possessed a distinct ts + phenotype. At the same time, four (numbers 87, 96, 103 and 104; 13 % of the clones studied) out of 30 clones isolated from a population which arose from crossing of R 29/44 with FPV possessed a ts phenotype with a difference in titres at 36 °C and 42 °C of about 2 log10 (i.e. 100-fold).
Thus, crossing of a ts + recombinant R 29/44 with wild-type FPV Rostock strain results in segregants possessing a ts phenotype, suggesting that recombinant R 29/44 has retained the gene carrying a ts mutation, and that the ts + phenotype of this recombinant is due to extragenic suppression for which some other gene is responsible. * CEF cultures were infected with viruses at 2 p.f.u./ceU of each virus or 4 p.f.u./cell in control self-crosses. After 16 h incubation at 36 °C, clones were isolated from randomly selected plaques. The phenotypes of these clones, which had undergone one passage in chick embryos at 36 °C, were analysed in CEF cultures.
Analysis of the genome composition ofts + recombinants of ts 29 and ts 44 mutants
? Values shown are loglo of the ratio of titres obtained at 36 °C and at 42 °C.
purpose we crossed ts 29 and ts 44 and obtained a number of clones which possessed a ts + phenotype and were able to reproduce in CEF cultures at 42 °C. For the genome analysis of the recombinants, we used the method described previously (Ghendon et al., 1979) . Previous experiments (Markushin et al., 1981) showed that this method could be used to detect differences in all eight genes during comparison of the RNAs of Weybridge and Rostock strains of FPV. The results obtained are presented in Table 5 . They show that all five recombinants inherited gene 1 carrying a ts mutation from the Rostock strain. In addition, three out of five recombinants also inherited gene 7 from Rostock, and two recombinants (R5 and R7) only gene 1 from Rostock, while all others were from the Weybridge strain. This suggests that functional gene products of ts 29 of the Weybridge strain may be responsible for suppression of a ts mutation of gene 1 of FPV Rostock strain.
Determination of the gene of FPV Weybridge suppressing a ts mutation in gene 1 of Rostock strain
To determine which gene of FPV Weybridge is capable of suppressing a ts mutation in gene 1 of FPV Rostock, we crossed one of the suppressants with wild-type FPV Rostock in order to obtain segregants with their ts phenotype restored. In these experiments suppressant R5, which arose from crossing ts 29 with ts 44 and inherited only gene 1 carrying a ts * CEF cultures were infected with recombinants and parent strains (100 p.f.u./cell) and incubated in the presence of cycloheximide (100 pg/ml) for 1 h at 36 °C; [3H]uridine was then added (100 gCi/ml) and incubation continued for 3.5 h. Then, cRNA was isolated and hybridized with unlabelled vRNA extracted from purified virions of every parent virus strain. After hybridization the material was further treated with nuclease SI and analysed by electrophoresis in a 4~ polyacrylamide gel. t R, Gene inherited from Rostoek strain; W, gene inherited from Weybridge strain. * CEF cultures were infected with recombinants and parent strains (100 p.f.u./cell) and incubated in the presence of cycloheximide (100 #g/ml) for 1 h at 36 °C; [3H]uridine was then added (100 #Ci/ml) and incubation continued for 3.5 h. Then, cRNA was isolated and hybridized with unlabelled vRNA extracted from purified virions of each parent virus strain. After hybridization the material was further treated with nuclease S1 and analysed by electrophoresis in a 4% polyacrylamide gel (see Methods). t R, Gene inherited from Rostock strain; W, gene inherited from Weybridge strain.
mutation from the Rostock strain but all other genes from the Weybridge strain (Table 5) , was crossed at 36 °C with wild-type FPV Rostock strain pre-cloned at a higher temperature. Clones were isolated from randomly selected plaques formed at 36 °C as a result of crossing, and the ts phenotype of these clones was determined. The data obtained showed that all 19 clones isolated by self-crossing of suppressant R5, and all 24 clones isolated by self-crossing of FPV Rostock possessed a ts + phenotype. At the same time, 6 out of 26 clones obtained from the population formed as a result of crossing suppressant R5 with wild-type FPV Rostock possessed a distinct ts phenotype with a difference in titres of 103 to 104 at the optimal and non-permissive temperatures. The genome composition of these six clones possessing a ts phenotype was analysed using cRNA/vRNA hybridization as described above. As can be seen from the data presented in Table 6 , all ts segregants contained gene 1 inherited from the Rostock strain (this is a gene of the ts 44 mutant which had a ts mutation and was present in the genome composition of suppressant R5). In three segregants (S 13/1, S 13/13 and S 14/32), gene 2 of the Weybridge strain was replaced by a corresponding gene of the Rostock strain, while genes 3, 4, 5, 6, 7 and 8 were those of the Weybridge strain. Thus, substitution of gene 2 of FPV Weybridge for a corresponding gene of FPV Rostock in the suppressant R5 was followed by the appearance of recombinants (segregants) with a restored ts phenotype. Of special interest were ts 29 isolated in Moscow from FPV Weybridge and ts 44 isolated in Cambridge from FPV Rostock, having mutations in gene 1; crossing of these mutants resulted in ts + recombinants with a frequency of 3.4% to 7%. Such a high frequency of appearance of ts + recombinants suggested that the phenomenon was not due to intragenic recombination. Experiments showed that intracistronic complementation was not responsible for the phenomenon either. However, analysis of the ts phenotype of the population obtained by crossing a ts ÷ recombinant of ts 29 and ts 44 with wild-type FPV showed that 13 % of clones possessed a ts phenotype, indicating that recombinants of ts 29 and ts 44 retained the gene containing a ts mutation despite the fact that they possessed a ts + phenotype. Thus, the ts + phenotype of the recombinant being studied is due to extragenic suppression; the ts phenotype which is due to the mutant gene is suppressed by some other gene of the recombination partner. The two FPV strains studied, Weybridge and Rostock, differed in the homology of all eight genome segments (Markushin et al., 1981) . The difference in titre at 36 °C and 42 °C of the ts segregants was about 102, which is significantly lower than in the initial mutants. However, in experiments with reovirus (Ramig & Fields, 1979) and influenza virus (Tolpin et al., 1981) , analyses of extragenic suppression revealed ts segregants in which differences in titres at optimal and non-permissive temperatures were less significant than in the initial ts mutants.
Analysis of the genome composition of ts + recombinants obtained by crossing ts 29 and ts 44 showed that the expression of the ts phenotype of a ts mutation in gene 1 of FPV Rostock may be suppressed by gene products of the FPV Weybridge mutant. Subsequent analysis of the genome composition of segregants possessing a ts phenotype which were obtained as a result of crossing a ts + suppressant with wild-type FPV Rostock indicated that a ts mutation in gene 1 of FPV Rostock was suppressed by a product of gene 2 of ts 29 of FPV Weybridge. It is not clear, however, whether suppression of the FPV Rostock mutations is due to a silent mutation in ts 29, or is an inherent property of the FPV Weybridge gene 2.
The data obtained have shown that extragenic suppression of the expression of a ts phenotype, at least with respect to influenza virus, may be due not only to a mutation in a different gene within the genome of the same virus, as was discovered earlier in the experiments with reovirus (Ramig & Fields, 1979) , influenza virus (Tolpin el al., 1981) and foot-and-mouth disease virus (King et al., 1980) , but also to the gene (or genes) which was included into the genome of a mutant virus as a result of recombination. It follows from this that the total complex of properties of influenza virus recombinants may be due not only to the function of proteins directly encoded by the genes which were included into the genome composition of recombinants, but also to the influence of gene products of one parent on the expression of the function of proteins encoded by the genes of the other parent. Such a relationship is apparently most often observed with genes coding for the proteins functioning in one complex, e.g. a complex of proteins involved in the transcription process. The products of segments 1 and 2 of fowl plague virus both migrate into the nucleus after synthesis (Briedis et al., 1981) where they probably function in messenger RNA synthesis (Mahy et al., 1981; Nichol et al., 1981) . A recent report described another example of suppressor recombination with influenza virus involving segments 1 and 8 (Scholtissek & Spring, 1981) ; one of the segment 8 products, the NS1 protein, also migrates into the cell nucleus after synthesis and may interact there with the transcription complex.
Classification of ts mutants into complementation-recombination groups using the complementation-recombination test is hampered by a number of concomitant phenomena, like those described by Thierry & Spring (1981) . Such phenomena include intracistronic complementation, leakiness or reversion, and interference caused by incompatibility of virus-specific polypeptides in molecular complexes, or the presence of defective polypeptides in virus-specific multimers and multifunctional structures. Bearing this in mind, we carried out comparative studies of ts mutants of fowl plague virus belonging to two collections, using a recombination test that avoids some of the above phenomena or significantly decreases their influence. Nevertheless, it is clear that one should take into account, when carrying out a recombination test, the possibility of extragenic suppression which can influence the correct interpretation of the results.
